INTRODUCTION
Multiferroics are highly promising for development of multifunctional devices, that utilize coupling between optical, electrical, and magnetic degrees of freedom, [1] [2] [3] [4] [5] [6] [7] such as ultra-fast nonvolatile ferroelectric memory, 3, 8 spintronic devices 4 and energy harvesters. 9, 10 However, developing single-phase multiferroics with high magnetoelectric coupling coefficient, has been a challenge. Ferroelectricity requires empty d-orbitals for cation off-center displacement, while ferromagnetism arises from partially filled d-orbitals. 11 This contrary requirement presents challenge in designing material compositions, with room temperature multiferroic property. In a multiferroic composition the ions that constitute the electric dipole moment by being off-centered and those that induce magnetic moments, should be contributed from disparate sources. For example, multiferroicity of bismuth ferrite (BFO), which is one of the most studied multiferroics [1] [2] [3] [4] 6, [8] [9] [10] arises from two contributions of stereochemical activity, the ion pair on large (A-site) cation contributes to ferroelectricity and the small magnetic transition metal (B-site) cation provides magnetism. 12 BFO is a promising singlecomponent multiferroic with high Curie temperature T c = 1103 K but it suffers from leaky ferroelectric behavior, mainly due to the volatilization of Bi, resulting in the valence fluctuation of Fe ions from Fe 3+ to Fe 2+ and formation of oxygen vacancies. In our prior study, we reported a single-phase (1 − x)BaTiO 3 − xBiFeO 3 (BTO-BFO) materials with high room-temperature magnetoelectric (ME) voltage coefficient (0.87 mV /cmOe) and high piezoelectric properties (g 33 and d 33 = 124 pCN −1 ), due to local monoclinic distortions within rhombohedral phase at a specific composition of x = 0.725. 5 In this study, we probe ferromagnetic resonance (FMR) in solid solutions of BTO-BFO grown on La 0.67 Sr 0.33 MnO 3 (LSMO). FMR is one of the basic methods for probing the magnetic states, when the system is excited out of the equilibrium, resulting in a uniform motion of the magnetization, known as spin waves. Dissipation in ferromagnetic systems after the excitation out of equilibrium, is of fundamental interest for understanding the magnetization dynamics. For example, probing and controlling magnetic damping, could be important for reducing the switching current and increasing the speed in magnetic memory devices, triggered by spin-torque. In magnetic materials, damping of magnetization precession due to the energy transfer from the spin system to the lattice, can be parameterized as a scalar, α, known as the Gilbert damping parameter. Within the Landau-LifschitzGilbert (LLG) frame of magnetization dynamics, 13 we can write:
where M is the magnetization unit vector, γ is the gyromagnetic ratio, H eff is an effective magnetic field determined by the external applied magnetic field in addition to the exchange stiffness, dipole field, and anisotropy field due to presence of the spin-orbit interactions. In Eq. (1), α is the Gilbert damping constant and τ represents the current-induced torques. Figure 1 presents the magnetization dynamics described by Eq. (1). The second term on the right side of Eq. (1) defines the relaxation of the magnetization towards the effective field, while the first term leads to precession of the magnetization about the effective magnetic field, and τ is the current-induced torque. For developing spintronic devices, magnetic materials systems with a low Gilbert damping parameter α are desirable, in order to achieve excitation and propagation of spin dynamics with low energy input. 14 Insulating magnetic materials could demonstrate lower damping coefficients compared to hetero-epitaxial films of magnetic metals, where the spin dissipation processes from conduction electron scattering 15, 16 doesn't exist. Thin-film magnetic insulator yttrium iron garnet (YIG) has shown sufficiently low damping on the order of 10 −4 . 17 Other than YIG, there are only limited studies quantifying the Gilbert damping parameter of thin-film magnetic insulators. 18, 19 This indicates the challenges in conducting studies on insulating thin-film materials where microwave FMR techniques are required. Recently, magnetically soft epitaxial spinel NiZnAl-ferrite thin films, with low Gilbert damping parameter (α ∼ 3 × 10 −3 ), have been reported. 18 Here we provide new understanding of FMR in high quality BTO-BFO films grown on LSMO which provides promising heterostructure platform.
FIG. 1. The magnetization M precesses about the effective field direction (H eff
. The damping torque moves the magnetization toward the effective field direction. Spin-transfer torque and field-like torque are shown by green and yellow arrows, respectively.
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Composites of layered ferromagnetic (FM) materials and anti-ferromagnetic (AFM) materials or ferroelectric (FE) materials display a multitude of interface interactions that can alter the hysteresis loop of the FM layer. These effects include: exchange bias coupling on the interface between FM and AFM materials, 20, 21 strain mediated magnetoelectric (ME) coupling, 22, 23 spin-polarized charge mediated ME coupling, 24, 25 and voltage controlled ME coupling. 26, 27 Multiferroic materials allow the possibility of creating layered devices that exploit one or more of these interface effects. In this study, we observed the enhancement of the effective saturation magnetization (<Ms>) in epitaxial films of LSMO capped with BTO-BFO films, through FMR measurements. A similar enhancement was observed in LSMO capped with BFO and could be related to an interface effect and spin-orbit couplings. 28 
MATERIALS CHARACTERISTICS
As shown in Fig. 2a , we synthesized novel hetero-epitaxial composites composing of multiferroic BTO-BFO and ferromagnetic LSMO with varying layer thickness ratios. Hetero-epitaxial BTO-BFO/LSMO thin films were grown on (001), and (110) oriented SrTiO 3 (STO) substrates by off-axis RF magnetron sputtering. Prior to film deposition, the surface of the STO substrates was treated by buffered oxide etchant (BOE) and subsequently annealed at 900 o C under an O 2 atmosphere to make Ti-terminated surface. The LSMO thin film was deposited at 600 o C under 5 mTorr of pressure with O 2 :Ar ratio of 8:2 and RF power of 4.93 W/cm 2 . BTO-BFO thin film was grown on the epitaxial LSMO layer at 400 o C using an in-situ deposition under the same RF power and pressure O 2 :Ar gas ratio of 1:9. Next, we studied the crystallographic orientation dependence of magnetic properties in LSMO thin films. Larger magnetic moment and higher Tc was observed in (110)-oriented LSMO films compared to (001)-oriented LSMO films. This observation is taking into account, the difference of ABO 3 perovskite stacks, on crystallographic orientations of substrates. In ABO 3 perovskite system, was observed in (110) The coherent polar surface in (110) orientation may be more susceptible to reconstruction and strain relaxation, resulting in faster recovery of spin moment as a function of film thickness compared to (001) surface. 29, 31 As a result, (110)-oriented LSMO film showed 5 times larger magnetization at room temperature compared to (001)-oriented LSMO film. Therefore, we focused on the (110)-oriented LSMO films to investigate the novel hetero-epitaxial BTO-BFO/LSMO composites. Figure 2b shows ferroelectric loops of (110)-oriented BTO-BFO/LSMO films as a function of the film thickness. The saturated polarization was similar between thin (80nm) and thick (660 nm) BTO-BFO films, however, coercive field and loop shape were changed with increasing film thickness. The thicker BTO-BFO film had a higher polycrystallinity, and thus, having more defects and pinning centers that introduces lower coercive field and lossy shaped loops. Figure 2c shows the temperature dependence of magnetization, and Fig. 2d represents the room temperature magnetization of the thin and thick BTO-BFO/LSMO films as well as just LSMO film. Thin BTO-BFO/LSMO film shows slightly smaller magnetization at low temperature compared to thicker BTO-BFO/LSMO film. By depositing BTO-BFO layer to LSMO film, the near surface layer on LSMO film experiences tensile strain due to lattice misfit with BTO-BFO (3.984 Å).
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However, in this case, the variation of magnetic properties in the BTO-BFO/LSMO heterostructure is not directly correlated with the tensile strain changes in the films, due to the non-strain mediated magnetic coupling between the BFO and the LSMO layers at the interface. Yu et al. reported that new magnetic phase can be generated in thin films due to electronic orbital reconstruction between the Mn and Fe orbitals, providing novel magnetic state localized at the interface. 32 Rao et al. have also demonstrated the enhancement in magnetic moment and improved magnetic hysteresis squareness resulting from complex interplay between orbital and spin degree of freedom in BFO/LSMO heterostructure grown on Si. 28 Therefore, we can consider that the misfit strain in the film and the interaction of electronic orbital between Mn and Fe ions at the interface simultaneously contributes to the variation of magnetic properties in the bilayer structure.
For a deeper understanding of the ferromagnetism in BTO-BFO/LSMO heterostructure, we performed FMR characterization at room temperature on 4 samples described in Table I . Our results provide key information on the ferromagnetic nature of these unique material systems.
FERROMAGNETIC RESONANCE IN BTO-BFO/LSMO
The basic procedure for FMR characterization is presented in the supplementary material where we also present the FMR measurements of 100 nm thick LSMO films. This thickness was an optimum layer thickness for LSMO to observe FMR in this materials system at RT. The exact same LSMO (110) film, described in the supplementary material (sample 2, presented in supplementary material), was used for growing BTO-BFO epitaxial layer, and the TEM image of the heterostructure is shown in Fig. 2a . The FE loops in Fig. 2b represent the high quality FE property, and the SQUID measurements shown in Fig. 2c demonstrates good ferromagnetic property. In BTO-BFO heterostructures, the stacking of the two perovskites decreases the overall conductivity of the material and simultaneously improves the multiferroic properties of the system. 6 Fig . 3a shows the observed FMR for the sample 3 (660 nm BTO-BFO/LSMO (110) film), from 1 GHz to 3 GHz. At 1 GHz the peak looks symmetric and it is in fact a mixture of two asymmetric Lorentzian line shapes. With increasing frequency, we observed two resonances, both of which could be fitted to anti-Lorentzian line shape. Surprisingly, the low frequency peak, where the ferromagnetic anti-resonance peaks are related to non-saturated states, 33 moves toward low fields by increasing the frequency until it vanishes, and at the same time the amplitude of the high frequency resonance increases with increasing frequency. In addition, the linewidth ∆H, of the high field resonance frequency peaks were extracted. Figure 3b shows the linewidth as a function of frequency for the high frequency resonances of the 660 nm BTO-BFO/LSMO (110) film. Focusing only on one of the resonances, Fig. 3c , presents an example of the FMR at 2 GHz for sample 3. We fitted each peak with an anti-Lorentzian profile and extracted the resonance field for both peaks. Figure 3d) shows the frequency as a function of the resonant field (H r ), where blue triangles are for the low frequency resonance and the red squares, indicate the high field frequency peaks. We extracted <M s > (the effective magnetization per unit volume) of 333 emu/cm 3 and H k = −349 Oe, by fitting to the high field frequency resonance using Eq. (2) . In this case, <M s > is slightly higher than that of the saturation magnetization from SQUID, presented in Fig. 2d , but lower than the extracted <M s > = 814emu/cm 3 value for LSMO (110), presented in the supplementary materials. For this sample, no damping could be extracted, using Eq. (3), as the observed trend is not linear, in the available frequency and magnetic field ranges. This non-linearity could originate from two-magnon scattering 34 which is a non-Gilbert damping. 35, 36 
In a Gilbert damping regime, the damping coefficient, α can be extracted from the frequency dependence of ∆H according to: 
In general, the Gilbert Damping is dominated by direct relaxation to the lattice, when the system is out of the thermodynamic equilibrium. It is well-known that a second relaxation process is possible in the presence of a FMR structural inhomogeneity, which can generate magnons scattering within the magnetic subsystem. 34 Therefore, the uniform motion of the magnetization during precession or flips, in a given magnetic system may populate excited states. As reported earlier, FMR measurements on various magnetic nanostructures demonstrated nonlinear linewidth (∆H) dependence on frequency. This fact was attributed to the superposition of two relaxation processes, the Gilbert damping, and the scattering of spin wave excitations within the magnetic subsystem (such as magnon-magnon scattering). 34 Two-magnon scattering processes can occur due to the defects or inhomogeneities in the crystal structure. 37 As shown in Fig. 4a , we observed FMR in a BTO-BFO film with 80 nm thickness (sample 4) at RT, from 2.5-9 GHz, where only single resonance peak is observed. This could be related to lower structural disorder and can explain low damping. In this case, both the effective saturated magnetization <M s > of 750 emu/cm 3 and damping (α) of 0.004 were extracted, using the data presented in Fig. 4b and Fig. 4c , respectively. The observed small Gilbert damping in this structure is a promising observation close to reported value of epitaxial NiZnAl-ferrite. 18 In this film the saturation magnetization, measured by SQUID at ∼ 300 K (M sat ), presented in Fig. 4d , is by a factor of 5 smaller compared to the measured FMR effective saturation magnetization (<M s >), in Fig. 4c . This fact could indicate the presence of a large uniaxial anisotropy field. 18 In addition, unlike the 660 nm thick film, the <M s > for the 80 nm film did not change significantly compared to the <M s > of LSMO (110). 
